Two-dimensional crystals with coupling of ferroelasticity and attractive electronic properties offer unprecedent opportunities for achieving long-sought controllable devices. But so far, the reported proposals are mainly based on hypothetical structures. Here, using first-principles calculations, we identify single-layer Nb2ATe4 (A = Si, Ge), which could be exfoliated from their layered bulks, are promising candidates. Single-layer Nb2ATe4 are found to be dynamically, thermally and chemically stable. They possess excellent ferroelasticity with high reversible ferroelastic strain and moderate ferroelastic transition energy barrier, beneficial for practical applications. Meanwhile, they harbor outstanding anisotropic electronic properties, including anisotropic carrier mobility and optical properties. More importantly, the anisotropic properties of single-layer Nb2ATe4 can be efficiently controlled through ferroelastic switching. These appealing properties combined with the experimental feasibility render single-layer Nb2ATe4 extraordinary platforms for realizing controllable devices.
Two-dimensional (2D) ferroelastic crystals have attracted great interest for both fundamental researches and practical applications in nonvolatile memory devices. 1 The unique fingerprint of ferroelasticity is the existence of two or more equally stable orientation variants that can be interchanged without diffusion by applying stress. 2, 3 Up to now, several 2D ferroelastic materials have been proposed, including t-YN, BP5, GaTeCl and phosphorene. [4] [5] [6] [7] Despite these efforts, currently, few 2D ferroelastic crystals have ever been verified in experiment. That is because most of the previous proposed systems either subject to air instability or are based on hypothetical structures. 6, [8] [9] [10] For example, phosphorene, which should be a promising 2D ferroelastic crystal, suffers from rapid degradation under ambient conditions, thus challenging its practical applications. 8, 9 Therefore, it great necessary to search for new 2D ferroelastic crystals, especially in the experimentally synthesized layered systems.
The recent interest in 2D ferroelastic crystals not only lies in ferroelasticity itself but also extends to the coupling of ferroelasticity and electronic properties. [11] [12] [13] [14] Compared with 2D crystals presenting ferroelastic order only, undoubtedly, 2D crystals that hold ferroelasticity and intriguing electronic properties simultaneously are more desirable as they will open up unprecedented opportunities for developing multifunctional and controllable devices. Currently, there are mainly two types of such coupling in 2D crystals. One is the coupling between ferroelasticity and other ferroic orders (i.e., ferroelectricity and ferromagnetism), namely multiferroicity. 15, 16 2D multiferroic crystals hold potential for applications in nonvolatile memory devices because they could overcome the quantum tunneling effect and power dissipation encountered in conventional memory devices. 17 Examples mainly include BP5, Janus VSSe, silver and copper monohalides. 7, 12, 17 Another is the coupling between ferroelasticity and nontrivial topology. 18 In our previous work, we proposed that single-layer 1S'-MSSe (M = Mo, W) is a 2D ferroelastic topological insulator and holds appealing potential for controlling the anisotropy of the topological edge state via ferroelastic switching. 18 The few existing types of such coupling, combined with the fact that most of these proposals are based on hypothetical structures, severely limits their further developments and applications.
In this work, on the basis of first-principles calculations, we report the identification of a novel family of 2D ferroelastic crystals in single-layer (SL) Nb2ATe4 (A = Si, Ge). The ferroelasticity in SL Nb2SiTe4 (Nb2GeTe4) shows a significant ferroelastic signal with a reversible strain as high as 24 .4% (22.1%) and a moderate ferroelastic switching barrier of 0.237 (0.173) eV/atom, suggesting that they are excellent 2D ferroelastic crystals. In addition to ferroelasticity, SL Nb2ATe4 is found to be an indirect-gap semiconductor with intriguing anisotropic electronic properties, i.e., anisotropic carrier mobility and optical properties. Such coexistence of ferroelasticity and anisotropic electronic properties in SL Nb2ATe4 facilitates the coupling between them, namely, ferroelastic switching can preciously control its anisotropic electronic properties, which are useful for designing controllable device. Moreover, SL Nb2ATe4 exhibits high experimental feasibility as it can be exfoliated from its layered bulk.
All calculations are performed on basis of density functional theory (DFT) implemented in
Vienna ab initio simulation package (VASP). 19 The exchange and correlation functional is described within the generalized gradient approximation (GGA) in form of Perdew Burke Ernzerhof functional (PBE). 20, 21 A vacuum space of 20 Å is adopted to minimize the interlayer interaction between adjacent layers. The van der Waals (vDW) interactions are corrected by the DFT-D2 approach. 22 The plane-wave cut-off energy is set as 500 eV. The convergence criteria for energy and force are set to 10 -5 eV and 0.01eV/Å, respectively. A 4 × 5 × 1 k-point grid in the Monkhorst-Pack scheme is used to sample the Brillouin zone for structure optimizations. And a denser k-point grid of 7 × 9 × 1 is adopted for electronic structure calculations. Due to PBE functional usually underestimates the band gap, we study the band structures and optical properties based on the Heyd Scuseria Ernzerhof (HSE06) hybrid functional. 23 AIMD simulations are performed at 500 K by using a NVT ensemble that last 5 ps with a time step of 2 fs. 24 The phonon spectra is calculated by the PHONOPY code. 25 Bulk Nb2ATe4 was synthesized experimentally in 1990s. 26, 27 The crystal structure of bulk Nb2ATe4 is shown in Fig. S1(a) . It crystallizes in monoclinic structure with space group P21/c, forming a layered configuration. Nb2ATe4 layers are stacked via vdW interaction along the c axis.
Within Nb2ATe4 layer, the planar sublayer composed of Nb and A atoms is sandwiched between two Te atomic sublayers. Each A atom is coordinated with four Nb atoms and eight Te atoms. Fig. S1 shows the band structures of bulk Nb2SiTe4 (Nb2GeTe4), which are semiconductors with a band gap of 0.34 (0.24) eV based on PBE functional. Considering the strong quasi-2D anisotropy of bulk Nb2ATe4, its SL structure might be obtained easily. To evaluate the experimental feasibility of exfoliating the SL structure, we calculated the cleavage energy (Ecl) by imposing a fracture in a five-layer slab of Nb2ATe4; see 30 . This firmly indicates that Nb2ATe4 shows a rather weak interlayer interaction and the isolation of SL Nb 2 ATe 4 is experimentally feasible via mechanical or liquid exfoliation. 31 Fig. 1(a) presents the crystal structure of SL Nb2ATe4. The optimized lattice constants of SL Nb2SiTe4 (Nb2GeTe4) are found to be a = 7.96 (8.00) Å and b = 6.40 (6.55) Å. To assess the dynamical stability of SL Nb2ATe4, we calculate its phonon spectra, which are shown in Fig. 1(d) and S2(b). The phonon spectrums contain no imaginary frequency, indicating that SL Nb2ATe4 is dynamically stable. We also perform AIMD simulations to check the thermal stability of SL Nb2ATe4. After heating at 500 K for 5 ps with a time step of 2 fs, the structures show neither bond broken nor significant structural transformation [see Fig. 1 (e) and S2(c)], suggesting the thermal stability of SL Nb2ATe4. To gain deep insight into its stability at ambient conditions, we further carry out AIMD simulations for SL Nb2ATe4 exposed to gas-phase O2 at 300 K. Here, 18 O2 molecules (within a 2 × 2 × 1 supercell) are initially placed about 4 Å above the surfaces of SL Nb2ATe4. As shown in Fig. S3 , after the simulation, the O2 molecules move away from the surfaces without spontaneous dissociation into oxygen atoms, which implies good stability of SL Nb2ATe4 against oxidization. And we also plot electron localization function (ELF) maps in the horizontal plane, Nb-Te plane and A-Te plane to identify the bonding features. As shown in Based on the elastic constants, the Young's modulus Y(θ) and Possion's ratio υ(θ) of SL Nb2ATe4 along the in-plane θ can be obtained by the following expression, 34 
where A = (C11C22 -C12 2 )/C66 -2C12 and B = C11 + C22 -(C11C22 -C12 2 )/C66. θ = 0° corresponds to the a axis. The angular dependent results of Y(θ) and υ(θ) are presented in Fig. 2(a, b) 36 and BN (318 N/m) 37 , which implies their mechanical flexibility and thus the feasibility of ferroelastic switching via applying external stress. While for the Poisson's ratio, it varies from 0.12 to 0.24, which is in the reasonable range (0~0.5). 38 This suggests their moderate structural response to external stress, also beneficial for ferroelasticity. . 2(c) . For convenience of our discussion, here we take F as initial state and F' as final state. For initial state F, as listed in Table 1 , the lattice constant a is larger than b. Upon applying external tensile stress along the b axis, it can transform into final state F' where |a'| = |b|, |b'| = |a|. Accordingly, the shorter axis is switched to the a axis, and its crystal structure is same as initial state F with rotating 90°. Similarly, the inverse structure transformation from final state F' to initial state F can also occur when applying uniaxial tensile stress along the a axis. The centrosymmetric state P with a square lattice can be considered as the paraelastic state for SL Nb2SiTe4 (Nb2GeTe4), whose lattice constants are found to be a = b = 7.14 (7.32) Å, as shown in Fig. 2(c) . To estimate the ferroelastic signal intensity of SL Nb2ATe4, we investigate its reversible ferroelastic strain, which is defined as [(|a|/|b|-1)×100%]. Apparently, a strong ferroelastic signal, that is a high reversible strain, will be beneficial for the ferroelastic performance. The ferroelastic reversible strain for SL Nb2SiTe4 (Nb2GeTe4) is found to be as high as 24 .4% (22.1%), comparable with that of t-YN 5 , GeS 6 and InOY (Y = Cl, Br) 39 , implying the strong ferroelastic signal of SL Nb2ATe4. Another key factor that affects the ferroelastic performance is switching barrier, which determines the transformation processes for the lattice orientation switch. We thus study the energy barrier for ferroelastic switching from initial state F to final state F' of SL Nb2ATe4 [Fig. 2(b) ] using the climbing image nudged elastic band (NEB) method. 40 As shown in Fig. 2(d) , in view of the structure symmetry, the pathway from P to F is identical to the path from P to F'. The energy barrier for SL Nb2SiTe4 (Nb2GeTe4) is calculated to be 0.237 (0.173) eV/atom, which is higher than those of t-YN (33 meV/atom) 5 and borophane (0.1 eV/atom) 41 , but lower than that of BP5 (0.32 eV/atom) 7 and comparable to that of phosphorene (0.20 eV/atom) 6 . This highlights the desirable possibility of ferroelastic switching under external stress and its robustness against environmental perturbation.
The ferroelastic switching in SL Nb2ATe4 can be further inspected from transformation strain matrix that uses the paraelastic structure as a reference state. and Nb2GeTe4 is expressed respectively as follows:
and .
And a 9.8% (10.0%) compressive strain along the a axis and a 12.1% (9.7%) tensile strain along the b axis are obtained. These values are significantly larger than many other 2D ferroelastic materials such as GeSe (2.7% and 4.1% transformation strains), 6 indicating the excellent ferroelastic performance of SL Nb2ATe4. Fermi level is set to zero.
We then investigate the electronic properties of SL Nb2ATe4. The band structures and projected density of states (PDOS) of SL Nb2ATe4 based on HSE06 functional are shown in Fig. 3(a, b) . SL Nb2SiTe4 is an indirect gap semiconductor with a band gap of 0.84 eV. Its valence band maximum (VBM) locates at the Γ point, and conduction band minimum (CBM) locates between the Γ and X points. While for SL Nb2GeTe4, it also possesses an indirect band gap of 0.66 eV with VBM locating at the Γ point and CBM lying along the Γ-X path. On the basis of the projected density of states, we find that the VBM and CBM are mainly dominated by the p-orbital of Te atom and the d-orbital of Nb atom, respectively. Another interesting point of the band structures that should be noted is that the valence band edges of SL Nb2ATe4 are less dispersed with respected to that of its conduction band edges. It strongly implies the anisotropic electronic properties of SL Nb2ATe4. To that end, we investigate the carrier effective mass, which can be obtained by the following equation:
Here k is wave vector, and Ek is the carrier energy corresponding to k. The corresponding results are summarized in To explore the electronic transport behaviors of SL Nb2ATe4, we estimate their carrier mobility based on the deformation potential (DP) theory: 44,45
Here, kB is the Boltzmann constant, T is 300K, m is the effective mass of carriers in the transport direction, and
mm is the carrier average effective mass. The in-plane stiffness is defined as C = (ǝ 2 E/ǝε 2 )/S0, where E and S0 are the total energy and the lattice area. The deformation potential, defined as Ed = dEedge/dε, denotes the shift of the band edge Eedge with respect to uniaxial strain ε. As listed in Table 2 , the electron mobility of SL Nb2ATe4 can reach as high as 1.91~4.57×10 3 cm 2 V -1 s -1 , an order of magnitude larger than that of MoS2 (320 cm 2 V -1 s -1 ) 46 and close to that of phosphorene (2.2 × 10 3 cm 2 V -1 s -1 ) 47 . The high carrier mobility makes SL Nb2ATe4 very promising for applications in 2D electronic devices. Different from the cases of electrons, the hole mobility shows significant anisotropy. The hole mobility of SL Nb2SiTe4 along y direction is an order of magnitude larger than that along x direction. While for SL Nb2GeTe4, the hole mobility along y direction is an order of magnitude smaller than that along x direction. Therefore, SL Nb2ATe4 exhibits ferroelasticity and anisotropic electronic properties simultaneously and it is expected to realize the precise direction-control of the hole transport using ferroelastic switching.
Upon introducing ferroelastic switching, the lattice orientations of SL Nb2ATe4 are rotated by 90°.
And the favorable transport direction for holes also experiences a 90° rotation. As a result, the transport direction of the holes in SL Nb2ATe4 is switchable between the x and y directions via ferroelastic switching, providing promising candidates for designing controllable electronic devices. Besides, considering the moderate band gap of SL Nb2ATe4, it would be interesting to investigate its optical properties. We then calculate the optical absorption coefficients of SL Nb2ATe4 using the following expression 48
where ω refers to the frequency, and ε1(ω) and ε2(ω) are the real and imaginary parts in the frequency dependent dielectric function, respectively. As shown in Fig. 4 , SL Nb2ATe4 exhibits a remarkably high optical absorbance from ultraviolet to infrared regions. The absorption coefficient values reach the order of ~10 5 cm -1 , implying excellent light harvesting ability. In addition, as shown in Fig. 4 , the optical absorption of SL Nb2ATe4 shows strong anisotropy, namely, the optical absorption along y direction is much stronger than that along x direction. This can be attributed to its anisotropic morphology. The SL Nb2ATe4 thus can be used for applications in polarized optical sensors. Moreover, the coexistence of anisotropic optical behavior and ferroelasticity in SL Nb2ATe4 makes the coupling between them also possible. Like the case of anisotropic transport property, by introducing ferroelastic switching in SL Nb2ATe4, its anisotropic optical behavior would experience a 90° rotation. Therefore, the precise direction-control of optical behaviors using ferroelastic switching can be achieved in SL Nb2ATe4.
In summary, using first-principles calculations, we systematically investigate the ferroelastic, electronic and optical properties of SL Nb2ATe4. We demonstrate that SL Nb2ATe4 can be easily exfoliated from its bulk owing to its small exfoliation energy. And it is found to be dynamically, thermally and chemically stable. We reveal that SL Nb2SiTe4 (Nb2GeTe4) shows excellent ferroelasticity with a high reversible ferroelastic strain of 24.4% (22.1%) and a moderate ferroelastic transition energy barrier of 0.237 (0.173) eV/atom. We also find that SL Nb2SiTe4 (Nb2GeTe4) is an indirect-gap semiconductor with a band gap of 0.84 (0.66) eV and shows remarkable anisotropic electronic properties, including anisotropic carrier mobility and optical properties. We further show that these anisotropic properties of single-layer Nb2ATe4 can be precisely controlled through ferroelastic switching, achieving the coupling between them. Our findings provides an ideal platform for exploring ferroelasticity, anisotropic behavior and their coupling.
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